Abstract-In this paper, a compact circularly polarized antenna based on a resonant quadrifilar spiral structure for the application of UHF RFID handheld reader is proposed and demonstrated experimentally. To reduce antenna size and improve impedance matching, the original resonant arms are revised by bending inverted-F structures and printing them on dielectric substrates, and the four arms are fed by a four-way phase shift network. Such an antenna indicates stable circular polarization performance and wide beamwidth. The gain bandwidth (> 2 dBic) can cover the frequency band from 902 MHz to 928 MHz, which is suitable for most of the popular UHF RFID systems in the world. Moreover, the 1×4 array and 2×2 array based on previously demonstrated antenna unit are numerically investigated. The array performances, including the gain, beam scanning and low side-lobe are discussed.
INTRODUCTION
Radio frequency identification (RFID), as an emerging technology for contactless automatic identification, is widely used in retail, transportation logistics, warehouse management, access control, etc., in recent years [1, 2] . Ultra-high-frequency (UHF) RFID means that the RFID technique operates within 840-960 MHz frequency band. Since UHF RFID has many exciting merits, such as fast reading rate, long writing distance, multi-target recognition and fast-moving target identification, this technique has received considerable research attention by government and industry, which makes UHF RFID developed rapidly. Reader antenna, as a key component of RFID system, will directly affect the performance of the whole RFID system. Reader antenna is usually required to be circularly polarized [3] . According to some applications, reader antenna is also required to have wide band, be miniaturized, and in low cost [4] [5] [6] . Moreover, a phased array antenna has a high gain and can realize beam scanning quickly and flexibly. Therefore, phased array antenna technology is usually applied to the UHF RFID systems, in order to extend reader's coverage range and improve reading rate [7] [8] [9] .
Specifically, the compact circularly polarized antenna for the application of UHF RFID handheld reader has recently been developed quickly [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Those antennas are realized by using asymmetriccircular shaped slotted microstrip, cross-shaped slotted microstrip [10, 11, 13] , crossed dipoles with different shapes [14] [15] [16] , four meandered monopoles [17] , X-shaped slotted square-patch with cross-strip proximity-fed technique [18] , and Koch fractal geometry [20] . Most of those designs realize circular polarization by integrating a four-way phase shift network. Moreover, researchers proposed a type of printed square quadrifilar spiral antenna for the UHF RFID handheld reader applications [21, 22] ; however, the performance is not good enough. Quite recently, researchers have developed an universal UHF RFID handheld reader antenna with rotated inverted-F antennas [23] , while the antenna size is not compact enough.
In this paper, a compact, low-cost, wideband circularly polarized UHF RFID hand-held reader antenna is presented and analyzed. To reduce antenna size and improve impedance matching bandwidth, the original resonant arms are revised by bending inverted-F structures and printing them on dielectric substrates. The four arms are fed by a compact four-way phase shift network. Such an antenna indicates stable circular polarization performance and wide beamwidth. The gain bandwidth (> 2 dBic) can cover the frequency band from 902 MHz to 928 MHz, which is suitable for most of the popular UHF RFID systems in the world. Moreover, the 1 × 4 array and 2 × 2 array based on previously demonstrated antenna unit are numerically investigated. The array performances, including the gain, beam scanning and low side-lobe are discussed, and the results indicate that the arrays are useful for the phased array applications in RFID fields.
ANTENNA UNIT DESIGN AND NUMERICAL SIMULATIONS
The proposed antenna unit based on a resonant quadrifilar spiral structure with a four-way phase shift network is shown in Fig. 1(a) . For the top layer, four quadrifilar spirals are printed on a 0.508 mm dielectric substrate (relative permittivity r = 3.9, loss tangent tan δ = 0.008) and then are connected to inverted-F structures accordingly with metallic vias. The four inverted-F structures are printed on another two cross dielectric layers, and then the input ports of such four inverted-F structures are fed by a four-way phase shift network. The design details for the quadrifilar spirals, four-way phase shift network, and inverted-F structures can be found in Figs. 1 
The designed antenna is developed from a classic quadrifilar spiral structure [24] with 1/4λ spiral length. Therefore, it can exhibit circular polarization once the four spirals are fed by equal magnitude and ±90 deg phase delay. However, the impedance of the four spirals is smaller than 10 ohm, which makes it difficult to match directly to the regular 50 ohm connectors. The four integrated inverted-F structures are used to enhance the impedance of the spiral and at the same time reduce the antenna size. The circular polarization (left hand or right hand) can be achieved by feeding the four spirals with increased or decreased 90 deg phased difference. In this paper, as an example, the left-handed circularly polarized (LHCP) antenna is discussed, and the phase difference can be obtained in Figs. 1(b) and (c). To achieve high performance circular polarization for the proposed antenna, the four-way phase shift network is critical, and the meandered configuration is shown in Fig. 1(c) . The microstrip linewidth and length of the phase shift network are determined firstly with LineCal Kit of ADS software, to achieve the specific impedance and phase delay requirements. As shown in the right-upper part in Fig. 1(c) , due to the overlapping of two microstrip lines, one of the lines is connected with two vias.
The performance of the four-way phase shift network is then optimized with HFSS software, based on the previous obtained parameters. In HFSS optimization, the input port connecting to the 50 ohm SMA cable is defined as Port 5. The port impedance of other four ports is 100 ohm. The finally optimized reflection curve for Port 5 (input port) is shown in Fig. 2 impedance matched well to 50 ohm for the input port. The powers at four output ports are almost the same with minor difference within 0.5 dB, and the phase delay for the four output ports satisfies 90 deg difference sequently, in the whole UHF frequency band. It means that the designed four-way phase shift network can be used to feed the quadrifilar spirals to achieve high performance circular polarizations. Then the whole antenna as shown in Fig. 1(a) is co-simulated and optimized. The optimized reflection of the proposed antenna is shown in Fig. 3 (a) (black dashed line) and the optimized main structural parameters are: a = 60 mm, b = 56 mm, h 1 = 9 mm, and h 2 = 6 mm. The length of the four quadrifilar spirals are determined as 1/4 wavelength corresponding to the center frequency, e.g., 915 MHz. It can be seen from Fig. 3(a) that the proposed antenna has a very wide impedance bandwidth (|S 11 | < 10 dB) covering all the simulated frequency band. The obtained far-field radiation gain as shown in Fig. 3(a) (green dashed line) indicates that the proposed antenna has a peak gain about 3.1 dBic, which drops quickly when the frequency offsets from the center frequency.
Because the proposed antenna has a very wide impedance bandwidth compared to the gain bandwidth, here we mainly discuss the effects of some key structural parameters on the gain performances. As shown in Fig. 3(b) , when changing parameter h 2 from 4 mm to 8 mm, the radiation gain curves are changed. Specifically, the peak gain is reduced and the gain bandwidth increased with increased h 2 . Therefore, we choose the value of 6 mm as h 2 in the final structure to get moderate peak gain and gain bandwidth. As shown in Fig. 3(c) , when increasing the parameter b from 50 mm to 56 mm, the gain in the whole simulated frequency band is increased. This is mainly due to the reduction of coupling among the four arms when the distances among those arms are increased. So in the limited space, we choose the maximum value to get the best radiation gain performance.
The simulated far-field radiation patterns at x-z plane and y-z plane at 915 MHz for the LHCP antenna proposed in this paper are shown in Figs. 4(a) and (b) , which show quite good circular polarization performances for both main planes. Moreover, the simulated axial ratio versus vertical angle as shown in Fig. 4(c) indicates that the optimized antenna has a 3-dB axial ratio beamwidth about 120 deg for both main planes. 
x-z plane y-z plane Figure 4 . The simulated far-field radiation pattern (normalized) at (a) x-z plane and (b) y-z plane, and (c) axial ratio performance at both main planes, for the proposed antenna.
ANTENNA UNIT DEMONSTRATIONS
Based on the obtained structural parameters in previous section, here we fabricate this antenna, and the assembled prototype can be found in the inset of Fig. 5(a) . The port reflection is firstly measured by a vector network analyzer (Agilent N5230A), and the result is shown in Fig. 5(a) . The corresponding simulated curve is copied here for comparison. It can be seen that a good agreement between simulation and measurement is obtained, especially the resonance and changing feature. The measured reflection is below −10 dB in the whole measured frequency band. The far-field radiation gain and axial ratio in the frequency range (860 MHz to 960 MHz) covering the UHF RFID system in the world are measured in a 25 × 15 × 15 mm 3 microwave chamber, and the measured results are concluded in Figs. 5(b) and (c). The corresponding simulations are also presented here for comparisons. It can be known that the peak radiation gain appears at 915 MHz and drops quickly when offsetting the operating frequency. The radiation gain can keep greater than 2 dBic in the frequency range of 902 MHz to 928 MHz. The quickly dropped radiation gain is mainly due to the narrow operating bandwidth of the inverted-F structure. From the measured axial ratio curve as shown in Fig. 5(c) , we know that the proposed antenna can achieve a very good circular polarization performance with very low axial ratio, below 0.5 dB in the whole measured frequency band. Fig. 6 shows the measured and simulated radiation patterns at the x-z plane and y-z plane at 915 MHz. It is clearly shown that the proposed antenna possesses quite good radiation performances at both main planes, and the measurements and simulations agree well with each other. The measured half-power beamwidth is larger than 120 deg at both main planes.
Finally, the obtained antenna performances for the proposed structure in this paper are compared to several previously reported UHF RFID hand-held reader antenna realizations. As shown in Table 1 , the hand-held reader antenna realized by the quadrifilar spiral structure [21, 23] has the widest impedance bandwidth and axial ratio bandwidth among all antenna configurations. Moreover, our design has the best axial ratio performance among all the structures. This is mainly due to the well designed and optimized inverted-F structure and the four-way phase shift network. Therefore, the proposed antenna in this paper can be easily used for the universal UHF RFID system.
ANTENNA ARRAY SIMULATIONS
In this section, we numerically investigate the performances of an antenna array based on the previously obtained antenna unit. Firstly, a 1×4 array is discussed, and the simulation model is shown in Fig. 7(a) . For the antenna array, the distance between adjacent elements is a critical parameter and should be optimized carefully. Theoretically, the distance between adjacent antenna units for achieving maximum gain and minimum mutual coupling is highly related to the gain and beamwidth of such antenna unit. For the obtained antenna unit with wide beamwidth, when the distance d is optimized as 150 mm, the gain can achieve maximum value, and the coupling between antenna elements reaches minimum value. At this stage, the port reflection for each antenna unit can keep unchanged compared to the single antenna condition as shown in Fig. 3(a) . When each antenna unit is fed by equal magnitude and phase source, the obtained far-field radiation pattern in y-z plane is shown in Fig. 7(b) , and the axial ratio is plotted in Fig. 7 (e) (red line). As can be seen, the maximum LHCP radiation gain in the z-axis is 8.3 dBic, half-power beamwidth 26 deg, and the first side-lobe −13 dB. The axial ratio is below 1.15 dB in the whole frequency band. To control the the direction of the main radiation beam, we can change the phase delay reached to each antenna unit. For example, when the four antenna units are fed with equal magnitude and different phase delays (0, 90, 180, 270 deg for the antenna unit 1 to 4), the obtained radiation pattern in y-z plane is presented in Fig. 7(c) . Now the main radiation beam is located at −30 deg with gain of 7.6 dBic and half-power beamwidth of 32 deg. The obtained axial ratio as shown in Fig. 7 (e) (green line) also indicates good circular polarization performance. We can further get larger beam deflection and/or inverse beam deflection with larger phase delay and phase advance. On the other hand, the first side-lobe can be further reduced by optimizing the magnitude reached to each antenna. As shown in Fig. 7(d) , when the four antenna units are fed with equal phase delay but different magnitudes (1 : 3 : 3 : 1), the obtained radiation pattern in y-z plane has a side-lobe below −22 dB, while the axial ratio is below 1.5 dB as well. The above discussed 1 × 4 antenna array can only control the beam direction in the y-z plane. Here we further discuss the 2× 2 antenna array to control the beam direction in both y-z plane and x-z plane. The simulation model for the 2 × 2 antenna array is shown in Fig. 8(a) . Also, the distance between adjacent antenna elements is a critical parameter to achieve good radiation pattern, and it is optimized as 150 mm as well. When the four antenna units are fed with equal magnitude and phase delay, the simulated 3-D far-field radiation pattern is shown in Fig. 8(b) , which indicates that the main beam is located at the exactly z-axis with gain of 8.1 dBic, axial ratio of 0.3 dB, and half-power beamwidth of 57 deg. When the four antenna units are fed with equal magnitude and different phase delays (90, 0, 180, 90 deg for antenna unit 1 to 4), the obtained 3-D far-field radiation pattern is shown in Fig. 8(c) , which shows that the main beam is located at the specific direction (ϕ = 43 deg and θ = 37 deg) with gain of 7.5 dBic, axial ratio of 1.2 dB, and half-power beamwidth of 70 deg. Therefore, it can be concluded that the antenna array discussed in this section can be used to increase the radiation gain and control the radiation beam direction on a single plane or both planes, for the UHF RFID phase array systems.
CONCLUSION
In this paper, we propose and demonstrate a compact circularly polarized antenna experimentaly/numerically based on the resonant quadrifilar spiral structure for the application of UHF RFID handheld reader. The original resonant arms are revised by bending inverted-F structures and printing them on the dielectric substrate to reduce the antenna size and improve the impedance matching performances. The four arms are fed by a four-way phase shift network. The measured results indicate that such an antenna has stable circular polarization performance and wide beamwidth. The frequency band can cover 902 MHz to 928 MHz, which is suitable for most of the popular UHF RFID systems in the world. Moreover, based on the obtained quadrifilar spiral antenna unit, the 1 × 4 array and 2 × 2 array are numerically investigated and discussed in details. The array performances, including gain, axial ratio, beam scanning angle and low side-lobe, are discussed by controlling the magnitudes and phase delays. The proposed antenna and array in this paper can be used for most of the UHF RFID systems in the world.
